The small RNA regulatory molecules called microRNAs (miRNAs) play key roles in the development of most organisms. The expression of many different miRNAs has been described in the developing and mature vertebrate retina. The ability of miRNAs to regulate a diversity of messenger RNA targets allows them to have effects on many different developmental processes, but the functions of only a few miRNAs have been documented to date. Developmental transitions between cell states appear to be particularly sensitive to miRNA loss of function, as evidenced by specific miRNA knockdowns or from global perturbations in miRNA levels (e.g., Dicer deletion). However, we are still in only the very early stages of understanding the range of cellular functions miRNAs control during development. 
BACKGROUND
MicroRNAs (miRNAs) are small noncoding RNA molecules that control gene expression through posttranscriptional regulation. They recognize complementary sequences on messenger RNA molecules (mRNAs), which then leads to either (a) destabilization of the mRNA and acceleration of its destruction or (b) interference with the mRNA translation machinery (Bartel 2004) . Most miRNAs are transcribed by RNA polymerase II to generate primary miRNAs, or pri-miRNAs, which may contain multiple miRNAs (Figure 1 ). These long transcripts are then processed while Biogenesis of microRNAs (miRNAs). Canonical pathway (left): miRNA genes are transcribed by RNA polymerase II (Pol II) to give rise to long primary transcripts [primary miRNAs (pri-miRNAs)], which form hairpin structures. This step is subject to regulation by transcriptional activators or inhibitors (not shown). Still in the nucleus, pri-miRNAs are then processed by a protein complex containing the ribonuclease III Drosha and DGCR8, resulting in a 60-70-nucleotide stem/loop structure [precursor miRNAs (pre-miRNAs) ]. Furthermore, in some cases, pre-miRNA sequences can be subject to base modifications by specific RNA editing. The pre-miRNAs are then exported to the cytosol with the help of Exportin-5 through a GTP-dependent process. There, the pre-miRNAs are further processed by the Dicer-TRBP complex to yield a 21-24-nucleotide-long miRNA:miRNA * duplex molecule. Finally, after destruction of one strand [most of the time, the passenger strand, denoted with an asterisk ( * )], mature miRNAs are loaded into an RNA-induced silencing complex (RISC) that includes Argonaute (Ago). The miRNA then binds to the 3 untranslated regions of specific messenger RNA (mRNA) targets and, depending on its seed sequence, leads either to translational repression or to the cleavage and degradation of the target. Mirtron pathway (right): Pre-miRNAs can also be generated through an alternative, Drosha-independent pathway. Here, miRNA sequences are located in introns of primary mRNA transcripts generated by RNA Pol II. Their expression pattern is therefore exactly following the mirtron-harboring gene. The miRNA sequence is subsequently spliced out from the primary transcript by the spliceosome and then enters the canonical pathway. Additional abbreviation: DGCR8, DiGeorge syndrome critical region 8.
still in the nucleus by the DiGeorge syndrome critical region 8 (DGCR8) protein and the ribonuclease Drosha to form shorter, about 70-nucleotide-long precursor miRNAs (pre-miRNAs) that are subsequently exported to the cytoplasm by Exportin-5. The pre-miRNAs are further reduced to 21-23-nucleotide double-stranded mature miRNAs by the endoribonuclease Dicer, complexed to TRBP. The mature miRNA becomes part of the RNA-induced silencing complex (RISC), containing Argonaute (Ago) as a key component, to effect gene silencing of mRNA targets through binding to complementary sequences in their 3 untranslated region (UTR) (Figure 1) . In addition to this canonical pathway described, some alternative mechanisms to generate miRNAs exist, bypassing, for example, Drosha or Dicer processing (Ha & Kim 2014) . Although initially considered primarily as translational repressors (Olsen & Ambros 1999) , miRNAs were also shown to cause mRNA degradation (Bagga et al. 2005 , Lim et al. 2005 , and more recent evidence indicates that in mammalian cells, mRNA degradation accounts for most of the repression mediated by miRNA, with a smaller contribution from translation repression (Eichhorn et al. 2014) . A given miRNA recognizes its targets by base pairing via a short sequence, known as the seed sequence (6-8 nucleotides), at the 5 end. Early target prediction programs were largely based on the complementation of this short seed region with a potential target mRNA. These target prediction databases typically report thousands of targets for a particular miRNA. The vast majority of these predicted targets have not been confirmed by biological and biochemical experiments, and many may not be actual targets; however, they serve as a source of potential targets for confirmatory studies.
To experimentally determine mRNA targets, researchers can use antibodies to Ago to precipitate the complex with miRNAs and their targets [CLIP (crosslinking and immunoprecipitation)], and this has provided additional insight into the mechanisms of miRNA-mediated gene silencing (Chi et al. 2009 ). Directly sequencing the miRNA:mRNA complexes, using, for example, AGO-CLIP, PAR (photoactivatable ribonucleoside-enhanced)-CLIP, CLEAR (covalent ligation of endogenous Ago-bound RNAs)-CLIP, and CLASH (crosslinking, ligation, and sequencing of hybrids), has shown that most mRNAs (a) are typically paired with two or more miRNAs, making combinatorial regulation likely, and (b) are frequently paired in a noncanonical manner, suggesting that the potential targets available for an miRNA may be substantially different than those identified by seed matches (Chi et al. 2009 , Hafner et al. 2010 , Helwak et al. 2013 , Moore et al. 2015 . For example, one AGO-CLIP study found 7-mer and 8-mer seeds in only about half the Ago-bound sites.
There are several levels of redundancy in miRNA:target regulation. First, each miRNA can target many mRNAs. Second, many mRNAs can be targeted by several miRNAs. Third, miRNAs are frequently in families of related molecules, and so several family members can target the same site on an mRNA. These considerations make it sometimes difficult to discern the roles of specific miRNAs in a given biological process. Knockout studies that delete all members of a given miRNA family are rare, though miRNA sponges (see Section 3) can be used to reduce several family members simultaneously. However, since many mRNAs are best targeted by a combination of different miRNAs, loss-of-function studies typically require antagonism of multiple miRNA family members of multiple miRNA families. Focused overexpression studies of miRNAs are also complicated by the diversity of targets and the additional effects on several biological processes that are outside the focus of the specific study. These considerations have made making progress in the field more difficult than doing so in the analysis of protein-coding genes, which is a more well-established discipline; nevertheless, significant advancement has been made in the identification of miRNAs expressed in the retina during development, in mature retina, and in retinal disease.
CHARACTERIZING miRNA EXPRESSION IN DEVELOPING RETINA
Several studies have characterized miRNA expression in the developing retina in a variety of species, including fish, frogs, and mice, using a variety of methods, such as microarrays, reverse transcription polymerase chain reaction (RT-PCR), in situ hybridization, NanoString technology, and miRNA sensors (Arora et al. 2010 , Damiani et al. 2008 , Decembrini et al. 2009 , Deo et al. 2006 , Georgi & Reh 2010 , Hackler et al. 2010 , La Torre et al. 2013 , Wohl & Reh 2016 , Xu et al. 2007 . Although there are many differences among species and across the methods of analyses, in the particular miRNAs that have been reported, many of the most highly expressed miRNAs are common to both the diverse species and the particular methods used. For example, in a microarray study of the developing frog retina, the most highly expressed miRNAs include let7c, miR-183, and miR-125b, and these same miRNAs are highly expressed in developing mouse retina as well (Decembrini et al. 2009 , Georgi & Reh 2010 , Hackler et al. 2010 , La Torre et al. 2013 . Table 1 lists some of the most commonly reported miRNAs found in developing retina. Table 1 Highly expressed microRNAs in developing retina
MicroRNA References
hsa-miR-18a Georgi & Reh (2010) , Hackler et al. (2010) mmu-let-7a Georgi & Reh (2010) , Hackler et al. (2010) , La Torre et al. (2013) , Shen et al. (2008) , Wohl & Reh (2016) , Xu et al. (2007) mmu-let- Kapsimali et al. (2007) , Karali et al. (2007) , La Torre et al. (2013) , Loscher et al. (2007) , Makarev et al. (2006) , Ryan et al. (2006) , Shen et al. (2008) , Wohl & Reh (2016) , Xu et al. (2007) mmu-miR-125a-5p Georgi & Reh (2010) , Hackler et al. (2010) , Loscher et al. (2007) , Shen et al. (2008) , Wohl & Reh (2016) , Xu et al. (2007) mmu-miR-125b Georgi & Reh (2010) , Hackler et al. (2010) , Kapsimali et al. (2007) , La Torre et al. (2013) Kapsimali et al. (2007) , Karali et al. (2007) , La Torre et al. (2013) , Loscher et al. (2007) , Loscher et al. (2008) , Ryan et al. (2006) , Shen et al. (2008) , Wohl & Reh (2016) , Xu et al. (2007) mmu-miR-183 Georgi & Reh (2010) , Hackler et al. (2010) , Jin et al. (2009) , Kapsimali et al. (2007) , La Torre et al. (2013) , Loscher et al. (2007) , Loscher et al. (2008) , Ryan et al. (2006) , Shen et al. (2008) , Wohl & Reh (2016) , Xu et al. (2007) Hackler et al. (2010) mmu-miR-26a Georgi & Reh (2010) , Hackler et al. (2010) , Ryan et al. (2006) , Shen et al. (2008) , Shi et al. (2009 ), Xu et al. (2007 mmu-miR-204 Georgi & Reh (2010) , Hackler et al. (2010) , Wohl & Reh (2016) mmu-miR-26b Georgi & Reh (2010) , Loscher et al. (2007) , Shen et al. (2008) , Xu et al. (2007) mmu-miR-30a Hackler et al. (2010) , Xu et al. (2007) mmu-miR-690 Georgi & Reh (2010) , Hackler et al. (2010) mmu-miR-691 Georgi & Reh (2010) , Hackler et al. (2010) , Loscher et al. (2007) mmu-miR-709 Georgi & Reh (2010) , Hackler et al. (2010) mmu-miR-720 Georgi & Reh (2010) , Wohl & Reh (2016) mmu-miR-7a Arora et al. (2007) , Georgi & Reh (2010) , Hackler et al. (2010) , Li & Carthew (2005) , Xu et al. (2007) mmu-miR-7b Arora et al. (2007) , Georgi & Reh (2010) , Li & Carthew (2005) mmu-miR-9 Georgi & Reh (2010), Hackler et al. (2010) , Kapsimali et al. (2007) , Karali et al. (2007) , La Torre et al. (2013) , Shen et al. (2008) , Wohl & Reh (2016) , Xu et al. (2007) mmu-miR-9 * Georgi & Reh (2010) Most of these studies have assayed miRNAs from total retinal samples, and so the miRNAs that are reported are likely expressed either in an abundant cell type, like photoreceptors or progenitor cells, or in multiple cell types. Some of the studies have documented differences between species that might be real developmental differences or, alternatively, may reflect relative differences in cell numbers. For example, mice have a relative abundance of photoreceptors compared with frogs, and so the miRNAs from the photoreceptor-expressed miR-182/183/96 cluster are more abundant in mouse retinas. Some of the most commonly reported miRNAs in developing retina are also present in other regions of the developing central nervous system (CNS), like let-7 family members, miR-9, and miR-125, but there are many miRNAs specifically expressed in developing retina (Figure 2 ). In addition, in several studies, it has been noted that miRNAs derived from a common genomic cluster tend to be coexpressed with similar developmental profiles. An example is the mouse miRNA cluster containing miR-106a, miR-130b, miR-17, miR-18a, miR-19a, miR20a, miR-20b, and miR-93; these were all reported to be expressed in embryonic mouse retina and coordinately regulated (Hackler et al. 2010) . Localization of miRNAs to specific cell types has been evaluated using several different approaches. In situ hybridization has been carried out for some of the most abundant miRNAs and provides cellular resolution (Deo et al. 2006 , Xu et al. 2007 . A complementary approach using miRNA sensors has also been made for several miRNAs and again provides cellular resolution (La Torre et al. 2013) . Both approaches show miR-183 expression in photoreceptors, for example. Laser capture microdissection (LCM) and fluorescence-activated cell sorting (FACS) have also been used to localize miRNA expression to specific cell types. LCM was used to localize miR-204 to the inner nuclear layer (Hackler et al. 2010) , and this finding was confirmed and refined to show specific expression in the Müller glia by FACS and NanoString analysis (Wohl & Reh 2016). A further approach to localize miRNAs has relied on analysis of miRNA expression after changes in retinal cellular composition: Georgi & Reh (2010) used a Notch inhibitor to force the differentiation of progenitor cells into neurons to identify progenitor-specific miRNAs, while Hackler et al. (2010) analyzed miRNAs in Nrl mutant mice to identify rod-specific miRNAs.
The various approaches to localization of miRNAs have all provided information for some of the more abundant miRNAs, but for most of the miRNAs in the developing retina, we still do not know exactly which cells express them. However, recent advances in single-cell transcriptomics should provide a more complete picture of the miRNAs expressed in specific retinal cell populations during development.
DETERMINING THE FUNCTIONAL ROLE FOR miRNAs IN DEVELOPING RETINA: DICER DELETION
One approach to determine the role of miRNAs in retinal development has been to target the enzymes required for miRNA processing (Figure 1) . The most popular target to date has been Dicer, since knockout or knockdown of this enzyme will prevent mature miRNAs from being produced. Several studies in mice, zebrafish, and Xenopus frogs have examined the effects of Dicer deletion or knockdown in the developing retina (Akhtar et al. 2015 , Damiani et al. 2008 , Davis et al. 2011 , Decembrini et al. 2009 , Georgi & Reh 2010 , Iida et al. 2011 , La Torre et al. 2013 , Maiorano & Hindges 2013 , Pinter & Hindges 2010 ) ( Table 2) . Given the large numbers of miRNAs in the developing retina, diversity of cell types, and potentially very large number of targets for each miRNA, it is surprising that the retina develops as well as it does without functional Dicer. However, several clear phenotypes have emerged from these studies, highlighting those developmental processes that are most sensitive to a reduction in miRNA levels. Reduction in eye size and retinal cell number has been observed in nearly every study ( Table 2) . This is likely a consequence of increased cell death, as most studies have observed a higher rate of apopotosis. Several studies have specifically shown loss in retinal ganglion cells (RGCs), but other cell types also appear to be affected. A reduction in mitotic proliferation has also been noted in some studies, though this is variable and dependent on the specific line of Cre recombinase-expressing mice or knockdown strategy in other species. Other, more specific phenotypes have also been documented, particularly alterations in cell fate determination and axon guidance of RGC axons, and these are discussed below. Deletion of Dicer in mature cells has less dramatic immediate consequences; however, apoptosis is observed over a longer time course. Inhibition of miRNA production, specifically in photoreceptors with a rod-specific Dicer conditional deletion, leads to rod cell death beginning around 8 weeks postnatal and causing a near complete loss by 14 weeks (Sundermeier et al. 2014) .
Although the increase in apoptosis observed after Dicer deletion may be due to relatively nonspecific dysregulation of gene expression, which can trigger cell death pathways, there is also evidence for miRNAs being important regulators of apoptosis genes in the retina. Sanuki et al. (2011) generated a loss-of-function mouse mutant of miR-124a by targeted disruption of Rncr3, the transcript that produces miR-124a. Rncr3 −/− mice had smaller brains and other abnormalities. In the retina, the cone photoreceptors were specifically affected and underwent cell death over several weeks. One target of miR-124a is Lhx2, and the increase in this gene in the Rncr3 knockout mouse cones was implicated in the observed cell death. However, deletion of specific miRNAs can also directly elicit apoptosis, suggesting that loss of Dicer may lead to a loss in miRNAs that specifically repress cell death pathways. Walker & Harland (2009) were not affected. In addition, miR-24a directly represses translation of the proapoptotic factors Apaf1 and Caspase-9 via binding sites in their 3 UTRs. A role for miRNAs in specifically inhibiting cell death pathways was also elegantly demonstrated by Zhu et al. (2011) . By creating a mouse model where a sponge for the photoreceptor-enriched miRNA cluster composed of miR-96, miR-182, and miR-183 is expressed under the opsin promoter, they found that the photoreceptors were more susceptible to light-damage-induced stress. In this case, Caspase-2 was normally targeted by these miRNAs, and this inhibition was blocked by the introduced sponge. The fact that particular miRNAs can affect apoptotic pathways may provide a way to reduce or delay degeneration of specific retinal cells in progressive degenerative diseases, such as glaucoma or retinitis pigmentosa, and the possibility of developing miRNA-based therapies for these diseases has been proposed (Sundermeier & Palczewski 2016) .
ROLE OF miRNAs IN EARLY EYE DEVELOPMENT AND EYE-FIELD SPECIFICATION
Although miRNAs have been shown to be important in a number of early developmental events in vertebrate embryos, most studies of miRNAs in the eye have been conducted after the period of eyefield specification. Nevertheless, there is evidence that miRNAs also play a role in the early events of eye morphogenesis. Knockdown of miR-204 in medaka fish causes microphthalmia, abnormal lens development, and altered patterning of the retina along the dorsal-ventral axis (Conte et al. 2010) . These phenotypes are mediated primarily by an increase in the expression of the Meis2 transcription factor. In addition, overexpression of a mutant form of miR-204 (associated with ocular coloboma) also results in microphthalmia in the fish (Conte et al. 2015) . Pax6, an eye-field transcription factor, is also important in the regulation of expression of miR-204, which suppresses the neuronal gene Sox11 in the lens (Shaham et al. 2013) . The network between miR-204, Pax6, and Meis2 is thus a critical link in the diversification and patterning of the ocular tissues early in development.
miRNAs AND DEVELOPMENTAL TIMING
The various types of retinal neurons, and the Müller glia, are generated by mitotically active cells, known as retinal progenitors (RPs). These cells are capable of many rounds of cell division and express many of the same transcription factors present in the eye-field cells, along with proneural and neural differentiation genes, such as Ascl1 and Neurog2. In all vertebrates, the RPs generate the various types of neurons in a relatively conserved sequence (Figure 3a) . Ganglion cells, cone photoreceptors, and horizontal cells are "born" from RP cell divisions early in retinal development, whereas most amacrine cells, rod photoreceptors, bipolar cells, and Müller glia are produced by the RPs in the second half of histogenesis (Livesey & Cepko 2001a , Reh & Cagan 1994 . In mammals and birds, the RP cells can be further classified by differences in their expression of particular genes; for example, mouse progenitor cells present in early embryonic stages of retinal neurogenesis express Prtg, while RP cells from later embryonic stages and postnatal retina express Sox9 and Ascl1 (Brzezinski et al. 2011 , Georgi & Reh 2010 , La Torre et al. 2013 , Livesey & Cepko 2001b . The so-called early retinal progenitors (ERPs) and late retinal progenitors (LRPs) can be further characterized by their response to mitogenic factors: ERPs do not respond to EGF (epidermal growth factor), while this is a potent mitogen for LRPs (Anchan et al. 1991 , Lillien & Cepko 1992 . The competence for production of different types of neurons also changes as the retina develops: Most of the rods, bipolar cells, and Müller glia are produced by Ascl1-positive LRPs, but ERPs produce the RGCs (Brzezinski et al. 2011) . A great deal has been learned over the past 25 years about the transcription factors that specify the various types of retinal neurons and the Müller glia; however, the factors that define the temporal sequence of neuronal production are only beginning to be elucidated. The timing of events in retinal development is an example of a strict developmental sequence. Often, these sequences are controlled by a timing mechanism, and changes in that timing can produce very different phenotypic outcomes. The very different number of vertebrae in snakes and birds is an example of where relatively small heterochronic changes in development (like the time it takes to make each somite) can dramatically affect the morphology of an animal (Keyte & Smith 2014) . miRNAs have been associated with developmental timing since their discovery in Caenorhabditis elegans. In a series of remarkable publications, Ambros & Horvitz (1984) defined the heterochronic pathway in these simple organisms by screening for mutants that affected the pattern of postembryonic cell divisions in the seam cell lineages. Ambros and colleagues went on to identify the first miRNA, lin-4, as one of these key regulators of timing (Lee et al. 1993) , and subsequently let-7 and lin-28 were discovered as part of this pathway (Moss et al. 1997 , Wightman et al. 1993 ). These genes make up the core heterochronic pathway in C. elegans, and since these first components were identified, several additional proteins and miRNAs have been added to the pathway (Moss & Romer-Seibert 2014) .
In mice, normal developmental timing also requires miRNAs. In Dicer conditional knockout (CKO) mice, one of the most dramatic phenotypes is an inhibition of the normal change in competence of the RPs, from producing so-called early generated cell types, like RGCs, to producing late fates, like glia and rod photoreceptors (Davis et al. 2011 , Georgi & Reh 2010 , La Torre et al. 2013 . ERP markers (Prtg, Fgf15, lin-28) continue to be expressed into late embryonic and postnatal stages of retinal development, while LRP markers, like Ascl1 and Sox9, are never expressed by the RPs after Dicer deletion (Ascl1 in Figure 3b ). Although Otx2-positive cells continue to be produced in the Dicer CKO mouse retina, they do not express markers of rods (rhodopsin) or bipolar cells. Instead, there is an overproduction of the ganglion cells, and this persists long past the normal developmental competence window for ganglion cell production (Brn3 in Figure 3b ). La Torre et al. (2013) FACS purified the cells with Dicer deletion, since the Cre recombinase carried a reporter. They then carried out a study of the mRNAs most significantly affected by the loss of Dicer in developing retinal cells. They found that many of the genes normally in early born cell types and their progenitors, like Lgr5 and Onecut1, 2, and 3, increased in the Dicernegative cells, while genes associated with LRPs, like Fabp7, Ascl1, and Sox9, were reduced in the cells, consistent with the immunolabeling results. One gene that was particularly increased was Prtg, a gene previously identified in early progenitors of the spinal cord. Further western blot and immunolabeling studies demonstrated that this gene is expressed in ERPs but absent in these cells in retina from later stages. Another gene of interest was lin-28, a core component of the C. elegans heterochronic pathway. The RNA-binding protein lin-28 interferes with the production of functional let-7 by binding the pre-miR form. In the developing retina, lin-28 is expressed with a similar time course and distribution as Prtg.
To better understand how these genes were regulated by the loss in specific miRNAs caused by the Dicer deletion, the authors also profiled miRNAs in the developing retinas. They found a specific set of miRNAs that was more prominently expressed in P0 retina than in E14 retina (Figure 3c ) and were able to determine which of these were expressed in progenitors by their response to forced differentiation by Notch inhibition. This allowed them to define a set of earlyprogenitor miRNAs and a set of LRP miRNAs (LRP-miRNAs). They found, using RT-PCR and miRNA sensors, that LRP-miRNAs increase in RPs over the transition from early to late stages of neurogenesis. They focused on members of the let-7 family, miR-9, and miR-125.
Using an antagomir knockdown approach to test the function of LRP-miRNAs, the authors showed that knocking down just three miRNAs-let-7, miR-9, and miR-125-phenocopies the Dicer CKO. Further, overexpression of these three LRP-miRNAs as mature miRNA mimics in Dicer CKO retinas rescued the phenotype and allowed progenitors to adopt a late-progenitor pattern of gene expression (La Torre et al. 2013) . Even more interesting, overexpression of LRPmiRNA mimics in wild-type retina can actually accelerate developmental timing in this system (Figure 3e ). The authors also were able to show that both Prtg and lin-28 are targets of the LRPmiRNAs, accounting for their downregulation, as progenitors transition from the early to late state. Moreover, these two genes, when overexpressed, can also retard normal developmental timing in the retina (Figure 3d,f ) . There is evidence that the components of the heterochronic pathway continue to regulate the timing of key events in maturation and even lifespan. For example, lin-4 mutants age at an increased rate, while lin-14 mutants age more slowly than wild-type animals (Boehm & Slack 2005 . Both let-7b and let-7e are more highly expressed in old human skeletal muscle than in young muscle (Drummond et al. 2011 ). Genome-wide association studies have found that polymorphisms near the LIN28B locus are associated with precocious puberty in girls (He et al. 2009 , Ong et al. 2009 , Sulem et al. 2009 ). Thus, this fundamental biological timing pathway may be involved in other aspects of development, maturation, and aging (Moss & Romer-Seibert 2014) .
Studies in nonmammalian vertebrates provide further insight into the potential mechanisms by which miRNAs regulate developmental timing of cell differentiation. In Xenopus, knockdown of Dicer, using morpholios, produces defects in retinal lamination and cell cycle exit. The translation of Xotx5b and Xotx2, two transcription factors important for bipolar cell fate, is increased, though mRNA for these genes was not affected (Decembrini et al. 2009 ). By screening highly expressed, developmentally regulated miRNAs, researchers found that miR-129, miR-155, miR-214, and miR-222 target Xotx2 as well as Vsx1, another gene required for bipolar cells. Inactivation of these miRNAs with antisense oligonucleotides results in an increase in bipolar cells (Decembrini et al. 2009 ) similar to that observed in the Dicer knockdown. These researchers concluded that these specific miRNAs couple cell cycle exit with bipolar cell fate, as previous data showed a relation between cell cycle length and miRNA expression. It appears that a different set of miRNAs control developmental timing in mice and frogs, since the miRNAs in this study were different from those studied in developmental timing in mouse retina. Nevertheless, let-7c and miR-125b were also reported to be among the top miRNAs expressed in developing frog retina, so it is possible that similar mechanisms as those described in mice also regulate frog retinal development.
miRNA REGULATION OF NOTCH SIGNALING
Notch is a key developmental regulator of retinal neurogenesis. In mice, both Notch1 and Notch3 are expressed by RPs. Several lines of evidence, from genetic to small molecule inhibitors, have shown that loss in Notch signaling leads to an increase in neurons at the expense of glia in the retina and elsewhere in the CNS. In addition, in the retina, both ERPs and LRPs require Notch; inhibition of Notch signaling at any stage of development produces characteristic phenotypes (Nelson et al. 2007 (Nelson et al. , 2009 ).
Loss of miRNAs in the Dicer CKO mouse retina leads to a reduction in expression in several components of the Notch signaling pathway by P0, including Hes5, the Notch ligand, Dll3, and Notch1 itself, leading to a generalized decrease in Notch signaling (Georgi & Reh 2011) . The loss in Notch signaling does not appear to be responsible for the effects of Dicer deletion on progenitor competence, however, since this was not rescued by crossing the Dicer CKO mice with Notchintracellular domain (ICD)-expressing mice. Although the Notch signaling defect was rescued in these mice, the defect in gliogenesis was still present, and the normally late-generated cell types, like rods and bipolar cells, were still absent, while ganglion cells were still overproduced. These results suggest that Notch signaling is regulated by a different set of miRNAs than those that control progenitor competence.
One potential mechanism by which miRNAs regulate Notch signaling comes from a study in zebrafish. Olena et al. (2015) surveyed developing zebrafish retina and found 12 miRNAs expressed at 2 days postfertilization (dpf ) and 23 miRNAs at 5 dpf. From in situ localization experiments, 3 miRNAs-miR-9, miR-124, and miR-216a-were expressed specifically in the developing eye. Overexpression of miR-216a led to retinal phenotypes consistent with reduced Notch signaling: a decrease in Müller glia and an increase in photoreceptors (Olena et al. 2015) . Although several components of the Notch pathway have miRNA recognition elements (MREs) for miR-216a, they focused on SNX5, a gene required for Delta endocytosis and Notch ICD internalization. Knockdown of miR-216a causes an increase in Müller glial differentiation, with fewer photoreceptors, and this effect can be partly rescued by overexpression of SNX5.
It is not known whether miR-216 plays a similar role in mice, and it is not highly expressed in developing mouse retina (Georgi & Reh 2010) ; however, another miRNA, miR-7a, may regulate Notch signaling in developing mouse RPs. Transfection of an miR-7a decoy causes a loss in Müller glia, while overexpression of miR-7a causes an increase in these cells. This appears to be via a direct targeting of Notch 3 (Baba et al. 2015) . It is unlikely that the reduction in Notch 3 accounts for the more general loss in Notch signaling observed in the Dicer CKO mouse, and thus it is likely that other miRNAs are normally important in regulating this very important developmental signal.
miRNAs AND ESTABLISHING VISUAL CONNECTIVITY
Recent findings have shown that miRNAs play essential roles in the establishment of connectivity in the visual system. Although most of the data is relevant to axon guidance and synapse formation outside the retina per se, we discuss here some core findings concentrating on the vertebrate visual system.
RGCs are the only neurons projecting out of the retina to form long-range connections with targets in the brain proper. On their journey, they encounter several choice points where they need to make pathfinding decisions in order to innervate the appropriate targets, including the optic chiasm at the midline (Erskine & Herrera 2014) .
The first indication that miRNAs impact long-range axon guidance decisions came from studies by Pinter & Hindges (2010) , who used a conditional Dicer deletion approach in mice. To delete Dicer from the developing retina, the authors used an Rx-Cre mouse line, where the Cre recombinase is driven by promoter elements from the eye-field transcription factor retinal-homeobox gene Rx (Swindell et al. 2006) . In mice, Rx is normally expressed from E7.5 onward in the anterior neural plate and becomes subsequently restricted to the retina and ventral forebrain by E10.5 (Mathers et al. 1997) . The degree of visual overlap between the two eyes directly determines the magnitude of stereovision and is reflected in the relative proportions of ipsi-and contralaterally projecting axons at the optic chiasm (Herrera et al. 2003) . In mice, with only a limited visual overlap, about 95% of all RGC axons cross the midline, whereas the remaining 5% stay ipsilaterally (Drager & Olsen 1980) . Pinter & Hindges (2010) showed that upon deletion of Dicer, RGC axons exhibit a strong pathfinding phenotype at the optic chiasm, with many axons failing to cross the midline (Figure 4a) . Instead, they either stayed ipsilaterally or extended aberrantly into the ventral diencephalon (Pinter & Hindges 2010) . Furthermore, a significant portion of axons was found to turn into the contralateral optic stalk and extend to the contralateral eye. The authors found that, in parallel with these projection errors, axons were generally defasciculated, not only within the Roles of microRNAs during axon outgrowth. (a) Summary of phenotypes occurring in conditional Dicer mutant mice in combination with the Rx-Cre lines. In wild-type or heterozygous Dicer mutant mice (left), the neural retina encapsulates the lens, and retinal ganglion cell axons (red) extend toward the midline, forming the optic nerve. At the optic chiasm, most of the axons cross to the contralateral side (contralateral optic tract), whereas only 3-5% stay on the ipsilateral side (ipsilateral optic tract). The axons form tight fasciculated axon bundles at the point of crossing and when extending into the optic tracts. In homozygous Dicer mutants (right), four major defects are observed: ( ) a small eye, with the lens being only about 50% encapsulated by the retina; ( ) an increased ipsilateral projection; ( ) fibers extend further than the optic chiasm, and after crossing the midline, they form a parallel optic tract; and ( ) a significant proportion of axons extend aberrantly into the contralateral eye (adapted from Pinter & Hindges 2010) . (b) Examples of individual miRNAs affecting the correct timing of axon guidance receptor expression at the growth cone, fasciculation, axon branching, and the local translation of messenger RNAs involved in axon guidance responses.
retina failing to form a tight optic fiber layer but also at the optic chiasm, leading to the formation of a secondary optic tract on the contralateral side. Although this defasciculation phenotype points toward a cell-autonomous effect, the study could not clearly determine whether the axon pathfinding defects at the midline are based on altered sensitivity of the growing RGC axons or a change of the chiasm cells (or a combination of both) as the Rx promoter leads to Cre expression both in the retina and at the chiasm (Pinter and Hindges 2010) . Rx-Cre + /Dicer mutant mice die at birth, which made it impossible to study the role of Dicer, and thus miRNAs, in the process of later axon targeting-for example, during the process of topographic mapping.
In addition to studies eliminating most of the miRNAs through Dicer deletions, more recent studies have identified the roles of individual miRNAs to control the process of retinal axon outgrowth and targeting. In Xenopus, miR-124 was shown to control the precise timing of sensitivity of RGC growth cones to Sema3A during the formation of the visual projections (Baudet et al. 2011) (Figure 4b) . The authors showed that a knockdown of miR-124 leads to the downregulation of the Sema3A receptor neuropilin1. This is achieved indirectly through coR-EST, which was identified as a novel miR-204 target that controls Nrp1 expression. A different study identified possible targets of miR-204, which has important function during eye development, using an RNA sequencing approach upon overexpression and knockdown of this miRNA (Conte et al. 2014) . The resulting list contains a substantial number of molecules associated with axon guidance, including Eph receptors and their ephrin ligands (Reber et al. 2007 ). Knockdown of miR-204 in medaka resulted in defasciculation of RGC axons as well as aberrant growth into different retinal layers and mistargeting along the optic pathways (Conte et al. 2014) (Figure 4b) . These defects were rescued by the knockdown of either EphB2 or ephrin-B3, suggesting that the regulation of these molecules through miR-204 is critical for the correct axon pathfinding of RGC axons. These studies demonstrate nicely the intricate network of factors that are controlled by individual microRNAs to ensure the correct spatiotemporal presence of axon guidance cues needed to form a fully functioning visual system.
Once RGC axons have reached the target area, a multistep process, including axon branching, remodeling, and synapse formation, takes place to finally form the appropriate connections (Hindges et al. 2002 ). An important regulator of RGC axon branching is brain-derived neurotrophic factor (BDNF)/TrkB signaling (Feldheim & O'Leary 2010) . Consistent with a role of microRNAs in this process, Marler et al. (2008) showed that BDNF-induced branching is dependent on the presence of miR-132 (Figure 4b) . Here, the authors demonstrate that in both the mouse and the chick, miR-132 is highly expressed in RGCs during the developmental window when RGC axons grow into their targeting area and refine their termination zones through branching and synaptogenesis (Hindges et al. 2002 , Yates et al. 2001 ). Overexpression of miR-134 leads to increase of branching, while a knockdown decreases BDNF-mediated branching. This process is achieved through the interaction of miR-134 with its target Rho family GTPaseactivating protein p250GAP, an inhibitor of Rac, which in turn is a branch-promoting protein.
During the refinement phase of RGC axon mapping, BDNF in the target induces the expression of miR-132, which then leads to a reduction of p250GAP levels and thus increase of branching activity through activation of Rac (Marler et al. 2008) . This interaction of miR-132 with p250GAP was also shown in different contexts-for example, in dorsal root ganglion axons, where it promotes axon extension (Hancock et al. 2014 ).
An important mechanism of axon guidance, branching, and target selection is the local translation of mRNAs (Jung et al. 2014 , Shigeoka et al. 2016 . Interestingly, several screens using different neuronal populations have shown that miRNAs are not restricted to the cell soma and that they are also found in axons (Natera-Naranjo et al. 2010 , Sasaki et al. 2014 , in combination with the presence of RISC (Hengst et al. 2006) . This suggested a possible role of miRNAs in controlling the levels of locally translated proteins.
Indeed, a recent profiling study in growing Xenopus RGC axons identified a number of miRNAs present in axons and even the growth cone, with miR-182 being the most abundant axonal miRNA (Bellon et al. 2017) . Using a loss of function approach, the authors could show that miR-182 is important for the appropriate targeting of RGC axons in the optic tectum. Further experiments revealed that this change in targeting precision was dependent on the action of Slit2. The authors found that miR-182 regulates the responsiveness of growth cones to Slit2 through controlling the local translation of cofilin 1 (Cfl1), an important regulator of the cytoskeleton. In normal conditions, miR-182 binds to the 3 UTR of Cfl1 and represses its local translation. However, upon Slit2 stimulation (through its receptors Robo2 and Robo3), the miR-182 repression is released and allows the production of Cfl1 and thus the necessary cytoskeletal changes for a growthcone repulsive response. Interestingly, this mechanism of modulating growth-cone responsiveness seems to be very specific, as the sensitivity to a different repulsive cue, Sema3A, was unchanged (Bellon et al. 2017 ). This suggests an even more intricate system to activate and modulate the responses of growth cones to external signals through miRNAs.
In addition to the findings about miRNAs during axon guidance/targeting discussed here, there are a number of studies from outside the visual system showing the involvement of miRNAs in this process (Iyer et al. 2014) . Similarly, miRNAs have also been found to control further steps during the establishment of neural circuits, including dendritogenesis and synapse formation (Rajman & Schratt 2017) , and it is very likely that this also includes these processes within the retina or along the visual pathway.
CONCLUSIONS
Posttranscriptional regulatory mechanisms play an important role during the development and functional assembly of the retina. This includes the action of miRNAs found to be expressed at different stages of eye development. Although much progress has been made to unravel their functions, one particular difficulty has been that most of these noncoding molecules are more likely acting to fine-tune the protein output of a cell as compared to leading to a complete switch (with some exceptions). In addition, the fact that many miRNAs act in combination with each other to bind individual target mRNAs demonstrates the necessity to understand their role in a combinatory fashion. Nevertheless, recent experimental advances-for example, multiplex gene targeting or simple base editing using CRISPR/Cas (clustered regularly interspaced short palindromic repeats/CRISPR-associated proteins) approaches, together with the progress in single-cell sequencing and proteomics-will certainly be helpful to the field and efforts to identify the function of miRNAs in the eye in much more detail.
SUMMARY POINTS
1. MicroRNAs (miRNAs) are critical for controlling key developmental timing events in the developing retina, such as the sequential generation of specific cell fates.
2. Some of the components of the well-characterized heterochronic pathway of miRNAs and RNA-binding proteins are also important regulators of developmental timing in mouse retinal neurogenesis, showing the deep conservation of this early role.
3. miRNAs play important roles at various steps during the establishment of visual system connectivity.
FUTURE ISSUES
1. Cell-type-specific deletions of Dicer or other genes necessary for microRNA (miRNA) processing have the potential to reveal other developmental requirements for these regulators in neurons and glia.
2. Single-cell analyses of miRNA expression in the eye have the potential to reveal possible roles in the generation of retinal cell subtypes.
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